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論 文 内 容 要 旨
Magnetic resonance imaging (MRI) is a powerful, non-invasive diagnostic medical imaging technique
used in radiology to form pictures of the anatomy and the physiological processes of the body in both health
and disease. MRI scanners use strong magnetic fields, radio waves, and field gradients to generate images of
the inside of the body. However, this powerful diagnostic tool for whole body were inhibited when the
metallic implants such as stainless steel and CoCr alloys were implanted in human body. Because these
metallic implants have a much higher magnetic susceptibility than tissue and organ, the implant metals
become magnetized in the intense magnetic field of the MRI instrument and then caused local field
heterogeneity, generating loss of signal from the object and geometric distortion, thereby the generation
of artifacts on the image. The artifacts in MRI imaging is a significant problem in MRI diagnosis which
should be avoided as much as possible.Therefore, regarding theMRI compatibility, materials and devices
with an low magnetic susceptibility are desired for guidance of surgery and diagnostics performed under
MRI environments.
Zirconium similar to Ti which is widely used for biomedical applications showed excellent biological
properties such as noncytotoxic, hypoallergenic, nonmutagenic, noncarcinogenic, nongenotoxic, and
biocompatible. Moreover, Zr shows lower magnetic susceptibility than Ti which also show excellent
biological properties and wide applicability in biomedical field. From these viewpoint, Zr is a
promising candidate for biomedical applications under MRI environments. However, although Zr
showed superior biological properties and lowmagnetic susceptibility, the mechanical reliability of unalloyed
Zr is insufficient for use as structural biomaterials. In recent years, several novel Zr-based alloys such as Zr-Ti
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alloys, Zr-Mo alloys, Zr-Nb alloys, and Zr-Ru alloys were developed to improve the mechanical properties as
potential candidates for biomedical applications.Among these alloying elementMo has been know as
an effective strengthening element for Zr and it shows both low cytotoxicity and low magnetic susceptibility.
As-cast Zr-Mo binary alloys, especially the composition of Zr-1Mo showed acceptable strength, high
corrosion resistance, and low cytotoxicity in addition to lower magnetic susceptibility as compared to
stainless steel, Co-Cr andTi alloyswhich are widely used in biomedical field, so that this alloy is one
of candidates for biomedical applications underMRI environments.
Powder bed fusion process using a fiber laser (L-PBF) is an additive manufacturing (AM) process
in which thermal energy selectively fuses regions of a powder bed. The energy source is a fiber laser. This
process has attracted increasing attention in the biomedical and aerospace industries because L-PBF
possesses a lot of advantages, namely reduced raw material usage, near-net-shape production without
expensive molds, design freedom using 3D CAD data, and so on. Moreover, due to the layer upon layer
manufacturing and very small laser spot size, the L-PBF process is capable of producing extremely
complex geometry that cannot be obtained using conventional production routes. Tailor-made metallic
implants appropriate for the individual characteristics of each patient could also be realized. However, due to
the particularity of this technology, not only process parameters, such as laser scanning speed, laser power,
powder layer thickness, hatch distance, hatch styles, as well as contour and base plate heating, but also
material properties such as melting point, surface tension of the melt, and thermal conductivity play important
roles on the final quality of products fabricated by L-PBF. Therefore, extensive research for the feasibility
of L-PBF is still needed to understand a givenmaterial.
Zr-1Mo is a very novel alloy for L-PBF and has not been commercialized. Therefore,
Zr-1Mo alloy powder for L-PBF is not available commercially. In this study, Zr-1Mo alloy
powder was prepared using electron induction melting gas atomization (EIGA) method which
can provide spherical powder shape, good reproducibility of particle size distribution as well as
very low interstitials of powder thanks to no contamination from crucible and highpurity inert
gas used in thismethod.
Powder morphology, powder size and distribution as well as chemical composition were
evaluated by scanning electron micrograph, laser particle size distribution measurement, and
inductively coupled plasma mass spectrometry respectively. Rheological and physical
properties including apparent density, tap density, powder flowability and laser absorbtivity
were aslo evaluated.According to the experimental results, Zr-1Mo alloy powder showed spherical
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powder shape, non-defect, apprepriate powder size and powder size distribution as well as low interstitial
concentration which definitely meet the requirements of metal powder for L-PBF. Besides, Zr-1Mo powder
showed comparable particle size distribution, laser absorbility, relative apparent density, relative tap
density and flowability to those of reference materials which are already used for L-PBF and obtained high
quality product.Therefore, we successfully prepared Zr-1Mo alloy powder suitable for L-PBF.
Low magnetic Zr-1Mo alloy builds were fabricated using gas-atomized powder by L-PBF. These
specimens were built with the different energy density from 35.2 to 84.4 J·mm-3 with changing scanning
speed from 600 to 1200 mm·s-1. The other process parameters such as layer thickness, laser
powder, building direction and atmosphere were unchanged. The microstructure, surface
morphology, and pore distribution of the as built Zr-1Mo alloy builds were observed by optical
microscope (OM), scanning electron microscope (SEM) and transmission electron microscope (TEM).
Surface roughness of as-built top surface was measurement by laser microscope. Its magnetic
susceptibility was evaluated by magnetic susceptibility balance. The mechanical properties were evaluated by
tensile test and microindentation test. Phase identification and crystal orientation were analyzed by
X-ray diffraction (XRD). The porosity was evaluated by imaging analysis using OM images.
Fully dense Zr-1Mo alloy build was obtained with high scanning speed and medium energy density. The
as-built Zr-1Mo alloy mainly consisted of an α’ phase with an acicular structure caused by special heat
history during L-PBF. The microstructure is indenpendent of processing parameters. From the
processing maps of the surface morphology and pore distribution, open pores on the top surface due to the
lack of fusion corresponded to grid-like distributed pores, and big-size pores corresponded to balling
particles on the top surface. Surface roughness was decreased with the increase of energy density
and the decrease of scanning speed. The Vickers hardness increasewith the increase of energy
density indicating the Vickers hardness was influenced by the oxygen and nitrogen contents rather than
the porosity. The UTS and elongation were influenced by porosity, pore distribution, interstitial concentration
and crystal orientation comprehensively. Existence of big-size pore lead to severe decrease of elongation.
The balling effect which caused by melted bead unstability lead to the generation of big-size
pore. On the contrary, randomly distributed pore seems not influence the mechanical properties of Zr-1Mo
alloy builds. The interaction between surface tension and recoil pressure in melting pool during
laser scanning determined the generation of randomly distributed pore. Interstitial concentrations
roughly increased with increases in energy densities and scanning speeds. The difference of interstitial atom
concentration contributed to the increase in UTSwith increasing energy density and the increase in UTSwith
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increasing energy density. {1 1 0} texture was confirmed in the low scanning speed specimens. On the
contrary, {1 1 0} and {1 0 2} bi-texture was confirmed in the high scanning speed specimens. It seems
that {1 1 0} texture formed in low scanning speed builds contributed to the slight increase of elongation
with increasing energy density in low scanning speed case and the superior elongation of low scanning speed
specimens compare to that of high speed specimens in medium energy density range. Magnetic susceptibility
of as-built Zr-1Mo alloy builds were 57% those of Ti–6Al–4V and Ti–6Al–7Nb irrespective of processing
parameters, thus L-PBF can be applicable to the fabrication process for the lowmagnetic Zr-1Mo alloy.
Due to the difference of crystal orientation and interstitials concentration, the build showing best surface
condition and lowest surface roughness but containing some randomly distributed pore (The build A)
shows superior mechanical properties than the fully dense build (The build B). In this study, we choose build
Awhich shows best surface condition indicating highest working accuracy and build B which shows highest
relative density for post treatment. We used two kinds of post treatment: hot isostatically press (HIP) which
has been known as an effective post process to eliminate defect of metal components built using
additive manufacturing technologies and heat treatment which is an efficient method to control the
mechanical properties ofmetal components for the buildAand the buildB respectively.
The build A was HIPed at different conditions to eliminate defects. The build B was heat-treated at
different conditions to improve mechanical properties. The effect of post treatment on microstructure,
elemental distribution, mechanical properties, and magnetic susceptibility of L-PBF Zr-1Mo alloy builds
were investigated. According to the results of SEM observation, electron probe microanalysis
(EPMA) and XRD, An ’martensite microstructure confirmed in as built specimen changed to acicular ’
martensite structure, retain-+’ structure, stress relieved acicular  structure, basket weave + structure,
lamellar + structure or retain- + elongated  + intergranular  structure depending on different post
treatment condition. Mo and Sn segregation were confirmed in Zr-1Mo alloy builds after post
treatment except 1273K WQ and 873K FC specimens which showed homogeneous distribution.
UTS and yield strength of post treated Zr-1Mo alloy builds were changed from 504 MPa to 1150 MPa and
361 MPa to 1015 MPa depending on post treatment conditions, respectively. Elongation were changed from
4.3% to 24.6%. Small fraction of equiaxed  phase exist in an acicular ’ matrix or stress
relieved/partial relieved acicular  microstructure will contribute to relatively high strength
and high elongation simultaneously. For example, UTS of 822MPa and elongation of 11.7% were
obtained in 1123K WQ specimen which showed equiaxed  phase exist in an acicular ’ matrix.
UTS of 779MPa and elongation of 14.3% were obtained in 873K FC specimen which showed
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stress relieved acicular  microstructure. These result are very close to the mechanical
properties of Ti-6Al-4V ELI alloy which is widely used in biomedical field. The magnetic
susceptibility of post treated Zr-1Mo alloy builds stillmaintained a low value irrespective of various post
treatment indicating even  phase were confirmed in some specimens, the fraction of  phase is
too low to give an apparent influence on magnetic susceptibility. After heat-treated at 1273K for
3.6ks, the build showed comparable mechanical properties to the build A. After HIP treatment at all tested
temperatures, defects in the as built Zr-1Mo alloy builds were eliminated, but the strength decreased and the
elongation increased significantly. To sum up, process parameters for fully dense build should be the
optimum including heat treatment.
Zr-1Mo alloy builds after appropriate post treatment such as 873K FC and 1123K WQ showed very
similar or superior mechanical properties compare to Ti-6Al-4V, Ti-6Al-7Nb, Ti-3Al-2.5Fe and
casting/annealing Co-28Cr-6Mo alloys, which were widely used for biomedical applications such as
total joint replacement, femoral hip stems, spinal components, dentistry components as well as tubing and
intramedullary nails. Besides, regarding the MRI compatibility, Zr-1Mo alloy build shows lower magnetic
susceptibility compare to those metallic biomaterial. Low magnetic susceptibility can effectively depress the
generation of artifact during MRI, thereby get clear MRI images for MRI-guided surgery or
planning of radiation treatment. Therefore, after appropriate post treatment, Zr-1Mo alloy builds
fabricated by L-PBF will be promising for these biomedical applications under MRI environment. This
study may provide direct guidelines regarding the L-PBF process for the biomedical Zr-1Mo alloy in the
future.
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